The visual system separates processing of an object's form and color ("what") from its spatial location ("where"). In order to direct action to objects, the identity and location of those objects must somehow be integrated. To examine whether this process occurs within the prefrontal (PF) cortex, the activity of 195 PF neurons was recorded during a task that engaged both what and where working memory. Some neurons showed either object-tuned (what) or location-tuned (where) delay activity. However, over half (52 percent, or 64/123) of the PF neurons with delay activity showed both what and where tuning. These neurons may contribute to the linking of object information with the spatial information needed to guide behavior.
Anatomical segregation of processing is an important principle of neural organization. Even within a modality, largely separate pathways process different attributes of the same stimulus. Perhaps the best explored example of segregation is in the visual system, where the analysis of visual scenes is carried out by at least two pathways. A "ventral pathway" through inferior temporal (IT) cortex processes information about features that identify objects, such as shape and color (object, or "what" information) , and a "dorsal pathway" through posterior parietal (PP) cortex processes information about location and spatial relations among objects (spatial, or "where" information) (1) . This example raises the question of where and how information about object identity is integrated with information about object location. One region that may play a role in integration is the prefrontal (PF) cortex, which receives inputs from virtually all of the brain's sensory systems (2) and has long been thought to be an area where diverse signals are integrated to serve higher order cognitive functions. A major contribution of the PF cortex to cognition is the active maintenance of behaviorally relevant information "online," a process known as working memory (3) . Working memory is typically studied in tasks in which an animal must remember a cue stimulus over a delay period and then make a behavioral response based on the cue. Physiological studies in monkeys have revealed that many PF neurons are highly active during the delay of such tasks (4) . The activity is often cue-specific, suggesting that this "delay activity" is the neural correlate of the working memory trace. Given its central role in cognition, PF neurons that contribute to working memory are obvious candidates for integrating diverse signals. However, the extent to which different types of information, such as what and where, are integrated within the PF cortex is not well understood. Highly processed spatial information from the PP cortex and object information from the IT cortex are received by separate regions of the PF cortex, the dorsolateral (areas 46 and 9) and the ventrolateral (area 12) PF cortex, respectively (5), but there are interconnections between these regions that could bring what and where together (2, 6) .
Physiological studies have found that different neurons and even different regions of the PF cortex convey either object information (in the ventrolateral PF cortex) or spatial information (in the dorsolateral PF cortex), but no neurons have been reported to convey both (7) . In previous studies, however, working memory for what and where was examined in two separate tasks: an object task and a spatial task. This separation rarely occurs in the real world and it raises the possibility that the apparent segregation of what and where working memory reflected an artificial behavioral segregation. Thus, to investigate whether object and spatial information is integrated by in-dividual PF neurons, we employed a task in which what and where are used together.
On each trial ( Fig. 1) , while the monkey maintained fixation of a fixation spot, a sample object was briefly presented at the center of gaze. After a delay, two test objects were briefly presented at two of four possible extrafoveal locations. One of the test objects matched the sample, the other was a nonmatch. After another delay, the monkey had to make a saccade to the remembered location of the match. Thus, this task required that the monkey, within a trial, link what with where. It had to remember the object's identity over the first delay (the what delay), use that information to find the match, and then remember its location over the second delay (the where delay) (8) .
We recorded the activity of 195 neurons from the lateral PF cortex of two monkeys (9). Many of the neurons were activated during the delay intervals. To discern whether the level of delay activity was related to the information retained in memory, we performed analyses of variance (ANOVAs) on each neuron separately (10). The sample object was the factor for a one-way ANOVA on activity from the what delay (OBJECT factor). The cued location (LOCATION factor) and object used to cue it (OBJECT factor) were used for a two-way ANOVA applied to the where delay activity. On the basis of the ANOVAs (evaluated at P Ͻ 0.01), 64% of the neurons (123/195) showed delay activity that varied depending on either the object or location, or both.
Some PF neurons (8/123, or 7%) showed delay activity that was significantly tuned to the sample object only. During the what delay while the monkey viewed a blank screen and held the sample object in working memory, these neurons were highly active, with different sample objects evoking different levels of activity (OBJECT factor, P Ͻ 0.01). By contrast, during the where delay while the monkey had to hold location information in working memory, none of these cells were selective for the cued location (LOCATION factor, P Ͼ 0.01) or for the sample object (OBJECT factor, P Ͼ 0.01). For example, the neuron shown in Fig. 2A showed significant sample objecttuned activity during the what delay. During the where delay when the task demands shifted to retaining location information, the neuron's activity decreased relative to its level of activity during the what delay. We termed these neurons "what" cells. They appear to be specialized for object working memory.
Other neurons (51/123, or 41%) were not selective for the sample object during the what delay (OBJECT factor, P Ͼ 0.01) but showed significant tuning for locations during the where delay (LOCATION factor, P Ͻ 0.01). For nearly all of these neurons (48/51, or 94%), object information had no effect on the where delay activity (OBJECT factor, P Ͼ 0.01, LOCATION X OBJECT interaction, P Ͼ 0.01). For example, the neuron shown in Fig. 2B exhibited relatively little activity until a location was cued by the matching object. Then, during the where delay, this neuron was highly active, with different locations eliciting significantly different levels of activity. We termed these neurons "where" cells because they appear to be specialized for spatial working memory (11).
Over half of the PF neurons with delay activity (64/123, or 52%) were not specialized but rather appeared to contribute to both object and spatial working memory. Their what delay activity varied significantly with the object used as the sample (OB-JECT factor, P Ͻ 0.01), and their where delay activity varied significantly with which location was cued (LOCATION factor, P Ͻ 0.01) (Fig. 3A ). They were highly selective for both objects and locations. On average, there was a 64% increase in what delay activity after a good (preferred) sample object over the activity after a poor (nonpreferred) sample object and a 71% increase in where delay activity after cueing of a good location over the activity after a poor location. Thus, these "what-andwhere" cells conveyed object and spatial information during different epochs of the same behavioral trial and appeared to contribute to both object and spatial working memory. What cells, where cells, and whatand-where cells were distributed equally between the dorsolateral PF cortex and the ventrolateral PF cortex (12).
Because we cued each location with an object, location-tuned activity could have conveyed either location information alone or information about both the location and the matching object that cued it. We found examples of both. The two-way ANOVA revealed that a little over half of the whatand-where cells (36/64, or 57%) showed location tuning in the where delay that was unaffected by the match object (LOCA-TION factor, P Ͻ 0.01, OBJECT factor, P Ͼ 0.01; LOCATION X OBJECT interaction, P Ͼ 0.01); that is, the level of activity for a given location was the same regardless of which object cued it. We also conducted, for each neuron, a discriminant analysis on the activity from the where delay to measure the amount of information carried about the cued location and the matching object. The discriminant analysis Fig. 1 . A typical behavioral trial. The correct behavioral response, a saccadic eye movement to the remembered location of the matching object, is indicated by the arrow. The order of presentation is from the upper left to the lower right.
Fig. 2.
Responses of single PF neurons showing either object-tuned (A) or location-tuned (B) delay activity. The small horizontal line on the left of each histogram indicates the time of the sample object presentation, and the line in the middle indicates presentation of the test objects. "Good object" and "poor object" refer to the objects used as samples. "Good location" and "poor location" refer to the locations cued by the matching object. "Good" or "poor" refer to the object or location that elicited the most or least activity, respectively. Bin width, 20 ms.
SCIENCE ⅐ VOL. 276 ⅐ 2 MAY 1997 ⅐ www.sciencemag.org attempted to classify, on the basis of a neuron's firing rate on each trial, which one of the four locations was cued or which one of the four objects was the match (13). Because four objects and four locations were used, chance performance for each classification was 25%. For these neurons, the mean successful classification rate for locations on the basis of where delay activity was 33.3%, which was significantly greater than chance (t test, P Ͻ 0.001) (14). By contrast, the mean classification rate for objects on the basis of where delay activity, 25.6%, was not significantly different from chance (P ϭ 0.206). Thus, after having conveyed object information in the what delay, these neurons "switched modes" and conveyed only location information in the where delay. This transformation mirrors the demands of the behavioral task.
For the remaining what-and-where cells (28/64, or 44%), both object and location information significantly affected the where delay activity (LOCATION factor, P Ͻ 0.01; OBJECT factor, P Ͻ 0.01, or LOCA-TION X OBJECT interaction, P Ͻ 0.01). The predominantly location-tuned activity was further modulated by the object that cued the location. For a given location, the where delay activity was higher if a good object cued it than if a poor object cued it (Fig. 3B ). For these neurons, the mean classification rate for locations on the basis of where delay activity was 34.2%, whereas the classification rate for objects, 28.3%, was smaller, but significantly above chance (both different from chance, P Ͻ 0.001) (15). Thus, the where delay activity of these neurons reflected both the cued location and the object that appeared in it, that is, integrated what and where information.
Recent studies have emphasized a segregation of object and spatial information processing in both the visual cortex and the prefrontal cortex. The results of the present study indicate that when object and location information are used together (as is typically the case in the real world), information about these attributes converges in the PF cortex. Indeed, the results support the notion that a function of the PF cortex is to integrate disparate information (16). What and where signals could be integrated through interconnections between dorsolateral and ventrolateral PF cortices (2, 6) , through converging projections from the parietal and temporal cortex on the frontal cortex (17), through cross-talk in the visual cortex (18), or through a combination of these pathways. In any case, single PF neurons that process both what and where signals may contribute to the linking together of object information with the spatial information needed to direct action. They may also help synthesize a unified representation of objects in their places. Indeed, the activity of many neurons simultaneously reflected a location and the object that appeared in it. They may play a role in integrating what and where in working memory.
Finally, the fact that the properties of many of the delay neurons mirrored the requirements of the task (they conveyed first object, then location, information) suggests that the PF cortex is "tuned" by behavioral demands (19). Functional topography of sensory cortical areas changes with experience (20). It may be that the PF cortex, which plays a central role in the flexible guidance of behavior, exhibits extensive functional plasticity. Thus, the PF cortex may be highly modifiable, its representations changing to meet the demands placed on it. objects were presented for 400 ms, and the delays were 1000 ms. The monkeys (Macaca fasicularis and Macaca mulatta) were required to maintain fixation of a central spot throughout the trial. At the end of the where delay, the fixation spot was extinguished and small (0.3°) spots appeared simultaneously at each of the four locations used in this task (Fig. 1) . This was the monkey's "go" signal. It then had to make a direct saccade to the spot that was at the location where the match had appeared. The four locations were on the horizontal and vertical meridians, 4°above, below, to the right, and to the left of fixation. The four objects were color pictures of "real world" objects 2°by 2°in size. Each object was used as a sample or match on some trials and as a nonmatch on other trials, and each object was used to cue each location. With this design, what and where are linked within a single trial, but across trials they are varied independently (that is, no object is exclusively linked with a location). The same four objects and locations were used throughout the experiment. 9. Recording sites were localized by magnetic resonance imaging. 10. Delay activity was analyzed over the last 800 ms of a 1000-ms delay. We did not include the first portion of the delay, to exclude any responses related to the offset of the preceding stimulus. On average, data from about 600 correctly performed trials (about 85% of the total trials) were collected from each cell. 11. We did not distinguish between location-tuned activity related to retaining sensory information about a location and activity related to a "motor set" of the forthcoming saccade. However, previous studies have found that the activity of most of the PF delay neurons is related to retaining sensory rather than motor information [S. Funahashi, M. V. Chafee, P. S. Goldman-Rakic, Nature 365, 753 (1993); G. DiPellegrino and S. P. Wise, J. Neurosci. 13, 1227 Neurosci. 13, (1993 ]. 12. We mapped a 12 mm by 12 mm extent of the lateral PF cortex at 1-mm intervals using a grid system (Crist Instruments, Damascus, MD). The recording chamber was centered on the principal sulcus. Its posterior end was 2 mm behind the bow of the arcuate sulcus. The dorsal and ventral recordings extended to about just above and below the superior and inferior arcuate sulci, respectively. The dorsolateral PF cortex lies in and dorsal to the principal sulcus, and the ventrolateral PF cortex lies on the inferior convexity, ventral to the principal sulcus. . Cueing a good location with a good object elicited more activity than cueing a good location with a poor object. However, a poor location elicited less activity than a good location, regardless of which object cued it. See Fig. 2 for conventions.
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 276 ⅐ 2 MAY 1997 highly selective neurons; across the population, selectivity for what and for where varied along a continuum from nonselective neurons to highly selective neurons. 13. To eliminate any optimistic bias in the classification, we performed the discriminant analysis with crossvalidation; that is, the distribution of means for each class was computed on half the data, chosen randomly, and these means were used to classify the objects or locations in the other half of the data. 14. Because the activity of individual neurons is "noisy," they rarely perform as well as the animal as a whole. By pooling the activity of multiple neurons, it is possible to reduce noise, and a neural classification rate equal to behavioral performance can thus be achieved [for details, see E. K. Miller, L. Li, R. Desimone, J. Neurosci. 13, 1460 (1993 ]. 15. Their relatively low classification rate for objects on the basis of where delay activity (28.3%) was not due to the generally poor ability of these neurons at classifying objects; their mean classification rate for objects on the basis of what delay activity was significantly greater (32.3%, P Ͻ 0.001). The lower rate could have been due, in principle, to an effect of the nonmatching object, which was not included in the classification and thus could add "noise." However, the mean classification rate of a discriminant analysis of the where delay activity that attempted to classify the nonmatching stimulus (24.8%) was not different from chance (P ϭ 0.680), indicating no effect of the nonmatch on the where delay activity. Thus, the effect of object on the where delay activity appears to be due to the match object alone. 16. See J. M. Fuster, Memory in the Cerebral Cortex (MIT Press, Cambridge, MA, 1995) . 17. J. Bullier, J. D. Schall, A. Morel, Behav. Brain Res. 76, 89 (1996) . 18. V. P. Ferrera, K. K. Rudolph, J. H. R. Maunsell, J. Neurosci. 14, 6171 (1994) ; A. B. Sereno and J. H. R. Maunsell, Invest. Opthal. Visual Sci. 36, 692 (1995 We have examined the statistical significance of the match between HDAg and DIPA protein sequences by Monte Carlo simulation. In their comparison between HDAg and DIPA protein sequences, Brazas and Ganem reported an identity of 24% and a similarity of 56%, using the GES scale, which considers hydrophobicity when determining the distance matrix for substitutions (2) . We compared HDAg with 10,000 randomized DIPA sequences, using the GAP program with the same parameters as Brazas and Ganem (1) (a gap weight of 3.0 and gap length weight of 0.1). The probability distributions for identity match and for similarity values that are determined using the GES scale (1) show that the match between HDAg and DIPA is not significant (Fig. 1A) : The probability for an identity match greater than or equal to 24% is 13.2% and the probability for a similarity match greater than or equal to 56% is 14.1%. This does not support the proposed common ancestral relationship between HDAg and DIPA.
Furthermore, it is inappropriate to use the GES scale to determine homologous relationships between protein sequences, because convergent evolution could easily affect the hydrophobicity of a protein sequence, a relatively simple chemical property. However, the match between HDAg and DIPA is also not significant, with the use of the PAM-250 matrix (data not shown).
While various matrices may give different similarity measurements, the identity remains the same given a particular alignment. However, the identity match is a result of a biased amino acid composition. A Monte Carlo simulation comparing HDAg to 10,000 random sequences that have the average amino acid compositions of an overall protein with the same length of the DIPA protein sequence shows that the observed similarity is again not significant (P ϭ 18.2%), but the identity match would have been significant (Fig. 1B) . Thus the reported "match" is biased by the amino acid compositions of HDAg and DIPA. [We used the amino acid composition derived from the exon database developed from GenBank release 90, where redundant sequences are deleted by a similarity criterion of 20%. For detailed procedures, see (3)].
The three amino acid compositions are listed (Table 1) . Both HDAg and DIPA have similarly biased amino acid compositions with overrepresented residues like Glu, Gly, and Arg and underrepresented His, Thr, and Tyr. This will lead to elevated identity matching between the simulated random sequences and HDAg.
We conducted a test of the effect of amino acid composition on the identical 
